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Transgenic mice have provided invaluable information about gene
function and regulation. However, because of marked differences
between rodents and primates, some areas of human biology such
as early embryonic development, aging, and maternal–fetal inter-
actions would be best studied in a nonhuman primate model. Here,
we report that gene transfer into rhesus monkey (Macaca mulatta)
preimplantation embryos gives rise to transgenic placentas that
express a reporter transgene (eGFP). Blastocysts resulting from
culture of in vitro fertilized ova were transduced with a self-
inactivating lentiviral vector and transferred into recipient females.
One twin and one singleton pregnancy were produced from a
single stimulation cycle, and one live rhesus monkey was born from
each pregnancy. Placentas from all conceptuses showed expression
of the transgene as detected by reverse transcription–PCR, ribo-
nuclease protection assay, direct epifluorescence, immunohisto-
chemistry, and Western blot analysis. Integration in somatic tissues
of the offspring was not detected. A maternal immune response to
the xenogeneic placental antigen was shown by the presence of
anti-GFP antibodies in peripheral blood of the recipient females by
day 99 of gestation (term 5 165 days). These results demonstrate
that transgene expression during gestation is compatible with
successful pregnancy in nonhuman primates and provides an
approach that could be broadly applicable to the development of
novel models for primate biomedical research.

Pronuclear injection of mouse zygotes is an efficient and
practical means of producing transgenic mice. However,

other mammalian species have not achieved similar success, and
transgenic offspring in these species have proven laborious to
produce. Production of transgenic monkeys faces significant
difficulties because of constraints on resources and practical
limitations on nonhuman primate assisted reproductive technol-
ogies and embryology. Because of these difficulties, we have
explored alternative methodologies to optimize the production
of genetically altered rhesus monkey preimplantation embryos.
Oncoretroviruses using internal promoters to drive transgene
expression have achieved transgene insertion in mice (1), cattle
(2, 3), and monkeys (4). However, offspring resulting from these
studies show significant transgene silencing, and transgenes
delivered by these vectors generally remain nonfunctional in
these animals. This problem has been addressed, in part, by the
production of self-inactivating (SIN) retroviral vectors (5). SIN
vectors have a deletion within the U3 region of the 39 long
terminal repeat (LTR) so that during the viral life cycle the
deletion is transferred to the 59 LTR. Cis-acting elements within
this region have been shown to contribute to vector silencing, and
mutation of these sequences ameliorates the silencing event (6).

Alternative integrating vectors may provide useful tools for
transgene delivery while avoiding vector silencing. Lentiviral
vectors based on HIV-1 (7, 8) can retain expression in multi-
potent cells (hematopoietic and embryonic stem cells) and their
differentiated derivatives (9, 10). Other elements that have been
incorporated into lentiviral vectors may enhance transgene
expression by posttranscriptional mechanisms. The inclusion of
an intron in transgene vectors (11–13) and other posttranscrip-

tional regulatory elements such as the woodchuck hepatitis virus
posttranscriptional regulatory element have been demonstrated
to increase transgene expression (14). Thus, these vectors may be
well suited for transgene delivery to preimplantation primate
embryos.

We chose a SIN lentiviral vector (15, 16) for delivery of
transgenes into preimplantation rhesus monkey embryos be-
cause of the stability and longevity of expression in other
multipotent cell types. For these studies, we used a vesicular
stomatitis virus G protein pseudotyped vector. The vector used
the intron containing human elongation factor-1a (EF1a) pro-
moter, directing expression of enhanced green fluorescent pro-
tein (eGFP) (SIN-EF-GFP-W) (17). We established several
pregnancies from the nonsurgical transfer of rhesus blastocysts
injected with lentiviral vectors and obtained two live rhesus
infants from these trials. Placentas from all pregnancies as well
as other extraembryonic tissues (i.e., amnion and umbilical cord)
showed expression of eGFP. The efficient expression of placen-
tal transgenes in vivo should provide opportunities to gain
insights into primate placental development and function during
pregnancy.

Materials and Methods
Lentiviral Vector Preparation. Human embryonic kidney 293T cells
and human fibrosarcoma HT1080 cells (ATCC CCL-121) were
grown in DMEM (Life Technologies, Grand Island, NY) sup-
plemented with 10% heat-inactivated FBSy2 mM L-
glutaminey50 units/ml penicilliny50 mg/ml streptomycin (Life
Technologies). Vesicular stomatitis virus envelope glycoprotein
G (VSV-G)-pseudotyped SIN-EF-GFP-W vector particles were
prepared by transiently transfecting the SIN-EF-GFP-W transfer
vector plasmid (15 mg) (17), the packaging plasmid
pCMVDR8.91 (10 mg) (12), and the VSV-G envelope plasmid
pMD.G (5 mg) (11) into subconfluent 293T cells by calcium
phosphate coprecipitation as described (17). Vector-conditioned
medium was collected 24 h posttransfection, centrifuged at
2,000 3 g to remove cellular debris, and filtered through a
0.45-mm-pore-sized filter (Nalgene) before being aliquoted and
frozen at 280°C. To determine vector titer, an aliquot of the
vector preparation was thawed and serial dilutions were added
in the presence of 6 mgyml polybrene (Sigma) to 2 3 105 HT1080
cells that had been seeded in 12-well plates 8 h earlier. Fresh
medium was added after 4 h of transduction, and 72 h later the
relative end-point vector titer (transducing unitsyml; TUyml)
was determined by flow cytometric analysis (17).

Abbreviations: SIN, self-inactivating; EF1a, elongation factor-1a; eGFP, enhanced green
fluorescent protein; RT, reverse transcription.
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In Vitro Fertilization, Embryo Culture, and Transfer. Mature female
rhesus monkeys were hyperstimulated with 60 unitsyday human
recombinant follicle-stimulating hormone (Ares-Serono, Ran-
dolph, MA) for 7–9 days, followed by 1,000 units of human
recombinant chorionic gonadotropin (Ares-Serono) 27 h before
laparoscopic oocyte retrieval. Semen preparation from electro-
ejaculated males and in vitro fertilization were done as described
(18). Embryos were cultured in sequential human embryo
culture medium G1.1 5% defined FBS (HyClone) and G2.2 2%
serum (IVF Science Scandinavia, Gothenburg, Sweden) (19).
Day 7–8 blastocysts were injected with 1 3 106 green fluorescent
protein (GFP) TUyml of vector-conditioned medium supple-
mented with 8 mgyml polybrene in the blastocoel by using an
Eppendorf Transjector micromanipulator. After 18–24 h of
culture, blastocysts were transferred to naturally cycling female
rhesus monkeys via nonsurgical, transcervical uterine transfer
(20). Pregnancy was confirmed by assay for serum CG and
monitored by ultrasound examination. All procedures were
performed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and under
the approval of the University of Wisconsin Graduate School
Animal Care and Use Committee.

Cell Culture. Cytotrophoblasts were isolated by enzymatic diges-
tion of the placenta. The placentas of both live births were
dispersed by trypsinyDNase I digestion as described (21). Iso-
lated placental cells were incubated in DMEM supplemented
with 25 mM Hepes and 10% FBS. Cells were imaged under
phase-contrast microscopy, and epifluorescence images were
captured by using 1-sec exposures.

Transgene Detection. Tissues were collected and stored at 4°C in
RNA Later (Ambion, Austin, TX) until homogenization. Total
RNA and genomic DNA were extracted by using RNA-STAT 60
(Tel-Test, Friendswood, TX). One microgram of total RNA was
reverse-transcribed by using the Geneamp kit (Perkin–Elmer).
PCR using primers that spanned the EF1a promoter (22) intron
(EF1a.exon1.up: CGC AAC GGG TTT GCC GCC AGA ACA
C; GFPintron.down: G TCG TCC TTG AAG AAG ATG GTG
CGC) was performed on reverse transcription (RT) reactions to
amplify transgene cDNA. Genomic DNA was amplified by using
the same primers supplemented with 2X Master Amp Enhancer
(1.5 mM MgCl2) (Epicentre Technologies, Madison, WI). Ri-
bonuclease protection assays were performed essentially as we
have described (23). A 300-bp fragment of eGFP was PCR-
amplified (59-GTG ACC ACC CTG ACC TAC GGC GTG C-39
and 59-CTT GTC GGC CAT GAT ATA GAC GTT G-39) and
subcloned into a vector containing flanking T7 and T3 promot-
ers (pBlue eGFP300). pBlue eGFP300 and pTRI9-actin-125-
Human (internal control template) (Ambion) were linearized,
and 32P-CTP-labeled antisense RNA probes were transcribed in
vitro by using T7 RNA polymerase (Ambion). RNase protection
assays were performed by using an RPA III kit (Ambion).

Immunochemistry. Tissue was collected and fixed in 2% parafor-
maldehyde for 4 h and then infused with 9% sucrose for 4 h and
20% sucrose overnight. Tissue was then embedded in OCT,
frozen in liquid nitrogen, and stored at 280°C until sectioning.
Ten-micrometer frozen sections were cut and fixed for 5 min in
acetone. Endogenous peroxidase activity was quenched by a
10-min incubation with 0.5% hydrogen peroxide, and slides were
blocked with 2% BSAyTris-buffered saline (20 mM Tris, 500
mM NaCl). Immunostaining was achieved as we have described
(24) by using a mouse mAb against GFP (3 mgyml; CLON-
TECH). Bound primary antibody was incubated with a biotin-
ylated horse anti-mouse antibody and subsequently bound with
Vectastain ABC peroxidase complex (Vector Laboratories).

Localization of positive cells was done by using the NovaRed
substrate (Vector Laboratories).

Western Blots. Total isolated protein (250 mg) was fractionated on
a 10% polyacrylamide gel, blotted onto a poly(vinylidene diflu-
oride) membrane, blocked with 0.2% nonfat dry milk TTBS
(Tris-buffered saline, 0.1% Tween 20) overnight, and probed
with a rabbit anti-GFP peptide antibody (CLONTECH) directly
conjugated by horseradish peroxidase (1:500). The ECL Plus kit
(Amersham Pharmacia) was used to detect antibodies against
eGFP. To identify maternal antibodies directed against eGFP,
500 ng of recombinant eGFP protein (CLONTECH) was frac-
tionated on a 10% polyacrylamide gel, blotted, and cut into
individual strips. Each strip was blocked and incubated with
individual rhesus serum samples (1:100) for 2 h. Secondary
rabbit anti-monkey IgG (Sigma), directly conjugated with alka-
line phosphatase, was incubated with the individual strips.
Positive binding was visualized by enhanced chemiluminescence
by using the Immuno-Star chemiluminescent system (Bio-Rad).

Results
Oocytes were collected from gonadotropin-stimulated female
rhesus monkeys, fertilized in vitro, and cultured for 7–9 days to
the blastocyst stage. Recombinant, self-inactivating lentiviral
vector was microinjected into the blastocoel of 14 embryos
produced from a single stimulation cycle. The embryos were
cultured for an additional 18–24 h to allow reexpansion of the
blastocyst.

The embryos then were transferred to six naturally cycling
females via nonsurgical, transcervical blastocyst transfer (20).
Two females that each received two blastocysts (Fig. 1 A and B)
on days 4 and 6 after the luteinizing hormone peak became
pregnant with twins and a single fetus, respectively. The female

Fig. 1. SIN lentiviral vector-transduced rhesus monkey blastocysts and in-
fants. In vitro produced blastocysts that contributed to the twin and singleton
infants, respectively (A and B). Shown are the surviving twin (infant A) with
dam (C) and male singleton (infant C) in a perinatal incubator holding a 10%
dextrose syringe with nipple (D). He subsequently was returned to his dam as
well. Embryos were exposed to greater than 1 sec of continuous epifluores-
cent excitation at 488 nm but were not yet expressing robust amounts of eGFP.
(Bars 5 100 mm.)
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carrying the singleton pregnancy was supplemented with 4.8 mg
of progesterone injected daily, and the other female received
none. The twin pregnancy was delivered by cesarean section on
day 153 postinsemination, with one male infant, animal A (Fig.
1C), born alive. A female fetus, animal B, apparently had died
in utero and was severely autolysed. The surviving male weighed
326 g and had a monodiscoid placenta (macaques usually have
two discs) weighing 130 g. The singleton pregnancy, another
male, animal C (Fig. 1D), was delivered by cesarean section on
day 159 postinsemination. He weighed 532 g and had a bidiscoid
placenta weighing 168 g. Two other pregnancies ensued after
transfer of injected embryos from an independent stimulation.
Both females carrying these pregnancies received supplemen-
tary progesterone. When the pregnancies were determined not
to be viable by ultrasound examination of the uterus, the
progesterone was removed and, 1 to 2 days later, the uterine
contents were expelled naturally and collected. Histopatholog-
ical examination showed that the placenta was forming but fetal
tissues were not identified.

Transgene expression first was assayed by RT-PCR in all
available tissues (Fig. 2A). Primers were designed to span intron
1 of the EF1a promoter so that transcribed mRNA and inte-
grated vector DNA could be distinguished easily. Expression of
eGFP mRNA could be detected in the chorionic disk of all
placentas by RT-PCR and ribonuclease protection assay (Fig.
2B), with some placental biopsies having low or nondetectable
levels of eGFP mRNA and some biopsies showing very robust
expression. The amnion of all three animals showed transgene
expression. The umbilical cord showed transgene expression
only in animal C.

Integrated vector DNA was assayed by using the same primers
as for the RT-PCR experiments. As expected, the amplified
fragment was approximately 1 kb longer because of the inclusion
of the intron (data not shown). Placental biopsies that had
detectable levels of eGFP also showed genomic integration of

the transgene. Transgene insertion in cells collected from the
infants (peripheral blood lymphocytes and hair follicles) was not
detectable by PCR analysis in the limited samples available.

eGFP protein expression was detected in the placenta of all
three fetuses. Directly after the delivery of the infants, the
placentas from both live births were dispersed by trypsinyDNase
I treatment, plated, and cultured to determine placental trans-
gene expression. Cytotrophoblasts obtained from the dispersed
placentas expressed robust amounts of eGFP as seen by direct
epif luorescence immediately after the dispersion. Fluorescence
was sustained during culture as cytotrophoblasts migrated,
fused, and differentiated into syncytia (Fig. 3 A and B) (21).
Nonexpressing trophoblasts could be seen fusing with transgenic
colonies and ultimately sharing cytoplasmic eGFP.

Fig. 2. Transgene expression and the subsequent maternal humoral re-
sponse. (A) RT-PCR in the three animals; results are shown for six placental
biopsies along with amnion (Am), umbilical cord (UC), and cord lymphocytes
(Ly). (B) Ribonuclease protection assay for eGFP mRNA. Lanes: A–C, placental
RNA from animals A, B, and C; D, nontransgenic placenta. (C) Western blot for
GFP. Lanes: 1, 100 ng recombinant eGFP; 2, control placenta; 3, 250 mg of total
protein from placenta A. (D) Maternal serum samples from dam A and C as well
as fetal cord blood (A and C, bottom blot) were assayed for antibodies directed
against placental eGFP as detected by Western blot analysis. A positive control
is shown that uses a mouse monoclonal anti-GFP antibody.

Fig. 3. Transgene protein expression in placenta. Phase-contrast (A) and
epifluorescent images (B) of cultured trophoblasts from placenta A are shown.
Arrow indicates a nonexpressing trophoblast that has fused recently with a
transgenic syncytium. (C and E) Bright-field negative controls for D and F.
Anti-GFP immunohistochemistry of placenta A (D) frozen sections reveals
widespread eGFP expression. Arrow indicates an expressing trophoblast, and
arrowhead shows an expressing fetal villous endothelial cell. (F) Low-power
view of placenta C showing eGFP expression throughout the trophoblastic
shell. (G) Immunohistochemical localization of eGFP in placenta A showing the
absence of expression in placental stroma and vascular smooth muscle. Arrow
shows nonexpressing stromal cells, and arrowhead shows nonexpressing vas-
cular smooth muscle cells. (H) Photomicrograph of a nontransgenic control
placenta probed with the same anti-GFP antibody. [Bars 5 50 mm (A and B), 40
mm (C and D), 200 mm (E, F, and H), and 100 mm (G).]
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To investigate the expression pattern of eGFP in situ, we
performed immunohistochemical studies on frozen tissue sec-
tions by using an anti-GFP mAb. Indirect immunostaining of
placental sections revealed trophoblast staining in villi of animal
A (Fig. 3 C and D) and in animal C (Fig. 3 E and F), which is
consistent with the expression in cultured dispersed tropho-
blasts. However, not all trophoblasts showed expression. Expres-
sion was seen in fetal villous endothelial cells (Fig. 3D), but
villous stroma and vessel smooth muscle within the placenta did
not express eGFP (Fig. 3G). Placental eGFP protein expression
also was shown by Western blot of total placental protein
(Fig. 2C).

Pregnancy induces tolerance to paternal antigens by unknown
mechanisms. A pregnant female produces a nonproductive
cellular (25) and humoral (26) immune response to these
antigens. We were interested to see whether the surrogate
female carrying a transgenic fetus would produce an immune
response to the transgene. We were able to detect rhesus
antibodies directed against eGFP in peripheral blood in surro-
gate females carrying transgenic fetuses. Antibodies specific for
recombinant eGFP were first detected by approximately day 99
in both pregnant animals and continued throughout pregnancy
(Fig. 2D). Anti-GFP IgG, presumably from passive transport of
maternal IgG across the placenta, also was detected in umbilical
cord serum from both live infants (Fig. 2D).

Discussion
In widely used rodent models, organization and development of
embryonic and extraembryonic tissues vary significantly from
that of the human, whereas early development, implantation,
and placentation are very similar in human and nonhuman
primates (27, 28). To better understand human placental devel-
opment and function, we wished to use the rhesus monkey as an
in vivo model for molecular studies of these events. To this end,
we have produced two live rhesus monkeys that expressed a
transgene in the placenta and extraembryonic membranes. Ex-
pression of the transgene was shown by mRNA and protein
production. This demonstrates that expression of transgenic
protein is compatible with successful primate pregnancy after
transduction of preimplantation embryos. Furthermore, the
efficiency of transduction in blastocysts with a SIN Lentiviral
vector as well as the efficiency of obtaining live births from
transduced embryos indicates that these methods will be pow-
erful tools for studying primate placental physiology in vivo.

Blastocyst-stage genetic manipulation has not been reported
previously in primates. A significant limitation on the feasibility
of this approach has been the difficulties with the transfer of
blastocyst-stage embryos in rhesus monkeys, the most widely
used nonhuman primate model. Only recently have parameters
of successful implantation (e.g., timing of embryo transfer) been
examined (20, 29) and the birth of rhesus monkeys after tran-
scervical transfer of blastocyst-stage embryos been achieved. We
have shown in the current studies that transcervical blastocyst
transfer has proven to be a reliable means of obtaining live
rhesus infants even after extensive manipulation in vitro such as
micromanipulation, viral genetic modification, and fluorescent
imaging. We propose that nonsurgical blastocyst transfer may be
valuable for further genetic studies such as the production of
rhesus embryonic stem cell (30) chimeras to study primate cell
fates during development.

A recent study using an oncoretroviral vector in rhesus oocytes
demonstrated integration of vector DNA, but the live infant did
not express the transgene protein in extraembryonic or fetaly
neonatal cells (4). The most current lentiviral vectors used in our
studies may represent a significant improvement over the orig-
inal retroviruses used in previous reports. The lentiviral vectors
used in this study incorporate SIN features that allow transcrip-
tion to be driven primarily by internal promoters and have

incorporated posttranscriptional regulatory elements, including
an intron in the transgene cassette and the woodchuck hepatitis
virus posttranscriptional regulatory element (17). Viral promot-
ers (e.g., cytomegalovirus IE) are used to overexpress transgenes
because of their small size and high expression in vitro. However,
viral promoters are problematic in vivo and often are not
appropriate for developmental studies. The use of mammalian
promoters appropriate for the development context of interest
would be desirable. The human EF1a promoter is a strong
mammalian promoter that is expressed well in tissues studied
here. Further studies with trophoblast-specific and developmen-
tally regulated promoters are possible for use in vivo in the
primate placenta (e.g., chorionic gonadotropin-a, placental GH,
or HLA-G).

The success of rhesus pregnancies in which a nonmammalian
transgene is expressed in the placenta is of general interest in the
context of maternal–fetal immune interactions. Although it
expresses paternal antigens, the fetus is not eliminated by the
maternal immune system during mammalian gestation. The
placenta undoubtedly plays a central role here, although the
precise mechanisms by which this maternal tolerance of the fetal
semiallograft is generated remain poorly understood. The hemo-
chorial placenta of the rhesus macaque has close homology with
the human, including organization into chorionic villi, a syncytial
trophoblast layer in direct contact with maternal blood, and
extravillous trophoblasts that invade the maternal endometrium
and play a role in vascular reorganization in response to preg-
nancy (28). Nonprimate species have significantly different
organization of the maternal–fetal interface.

Although it has long been recognized that antibodies directed
against paternal MHC alleles are present in maternal serum (26),
these antibodies most likely are produced in response to fetal
lymphocytes found in maternal circulation. The placenta does
not express these classical MHC class I alleles in the trophoblasts
exposed to the maternal immune system (see below); thus, an
antipaternal response is not equivalent to an antiplacental
response. We therefore were surprised to identify antibodies
against eGFP in the serum of rhesus monkey surrogate dams
carrying transduced embryos. Because at this time we have not
yet detected expression of eGFP in lymphocytes of the offspring,
the antibodies generated most likely indicate a response against
eGFP expressed in the placental trophoblasts. The presence of
this humoral antibody response during the middle third of
pregnancy in the rhesus indicates that transgene expression was
initiated well before term and was sustained throughout the
remainder of gestation, persisting in the placenta at delivery.
Based on these results, we propose that the detection of fetal
transgene-specific antibodies in maternal peripheral circulation
may be a reliable preterm indicator of transgenesis in nonhuman
primates. The importance of the maternal immune response in
pregnancy is still controversial. In mice, maternal B cells directed
toward fetal-specific MHC class I molecules are deleted during
gestation (31). Although we did not directly measure GFP-
specific B cell numbers, total anti-GFP antibody titer was
sustained over the '2 months of pregnancy where antibodies
were detectable. Thus, there was no evidence for B cell deletion
in this primate model.

This model now provides a way to investigate directly the
importance of the expression of selected MHC loci during
pregnancy. Although the specific role(s) of MHC class I and II
molecules in regulating the maternal immune response are not
well defined, their likely importance at the maternal–fetal
barrier is evidenced by the dearth of classical MHC class I and
II molecule expression in the primate placenta and the prefer-
ential expression of nonpolymorphic MHC class I molecules:
these include HLA-G (32, 33) and HLA-E (34) in the human
placenta and Mamu-AG (24, 35, 36) and Mamu-E (37) in the
rhesus placenta. Overexpression of classical polymorphic MHC
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alleles (or of antisense nonpolymorphic mRNAs) in the pla-
centa, or other immune modulators or cytokines, could aid in the
understanding of the role(s) of the maternal immune system at
the maternal–fetal interface. Given the robust transgene expres-
sion in the placenta, these methods could be very useful for
studying placental physiology outside the arena of immune
regulation. Placental dysfunction contributes significantly to
maternal and fetal morbidity, and the molecular bases of the
placental components of pathologies of pregnancy (e.g., pre-
eclampsia, intrauterine growth restriction) are not well under-
stood. Accordingly, therapies directed at these problems are
lacking, at least in part, because of inadequate models for
physiological studies. The rhesus monkey would be an excellent

model for studying the molecular basis of human placental
dysfunction and exploring novel therapeutic approaches in this
crucial organ.
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